One sentence summary: Sodium acetate tolerance in Saccharomyces cerevisiae is mediated by the ubiquitin ligase Rsp5 and enhanced by the T255A mutation in a manner dependent on intracellular sodium homeostasis.
INTRODUCTION
Bioethanol production by the yeast Saccharomyces cerevisiae from lignocellulosic biomass has drawn much attention as a way to avoid undesirable competition with the food supply (Matsushika et al. 2009) . As this complex biomass must be pretreated with heat and/or weak acid to release sugars from its structure (Margeot et al. 2009) , not only sugars but also a wide range of by-product fermentation inhibitors that include acetate, furan derivatives and phenolic compounds are generated. Among them, acetate has been shown to inhibit growth and ethanol fermentation of S. cerevisiae in a manner dependent on its concentration, pH and counterions (Pampulha and LoureiroDias 1989; Almeida et al. 2007; Bellissimi et al. 2009 ). At pH lower than the pK a of acetate (∼4.75), the molecule exists mostly in a protonated form, which can either passively diffuse across the plasma membrane or translocate by facilitated diffusion through the aquaglyceroporin channel Fps1 (Giannattasio et al. 2013) . In response to acetate stress, the high osmolarity glycerol (HOG) signaling cascade phosphorylates Fps1 to trigger its ubiquitination and subsequent degradation in the vacuole Piper 2006, 2007) . At pH higher than pK a (e.g. pH 5-6, as seen in neutralized lignocellulosic hydrolysates), sodium as a counterion, but not potassium, shows a synergistic negative effect under an acetate-containing condition (Pena, Glasker and Srienc 2013) . The genomic amplification of an ENA1, ENA2 and ENA5 (ENA1/2/5) tandem gene cassette, each component of which encodes a P-type ATPase sodium pump, or the overexpression of ENA2 improves cell growth under acetate stress in the presence of sodium (Gilbert, Sangurdekar and Srienc 2009; Pena, Glasker and Srienc 2013) . Based on these data, the extrusion of excess sodium might be associated with the acquisition of acetate tolerance.
Intracellular sodium homeostasis involves salt/osmotic stress responses and pH sensing in S. cerevisiae (Hohmann 2009; Serra-Cardona, Canadell and Arino 2015) . The Hog1 mitogenactivated protein kinase (MAPK) cascade, which is activated by the MAPK kinase (MAPKK) Pbs2 and the MAPKK kinases (MAPKKKs) Ssk2, Ssk22 and Ste11 (Ssk2/22/Ste11), plays a pivotal role in salt/osmotic stress responses (Hohmann 2009 ). Upon elevation of osmolarity, Hog1 phosphorylation leads to upregulation of a subset of defensive genes including the sodium pump gene ENA1 Serrano 1999, 2002) . The activity of Hog1 is also responsible for ion homeostasis through the posttranslational control of the sodium/proton antiporter Nha1 (Proft and Struhl 2004) . In addition to the Hog1 signaling, the plasma membranelocalized pH-sensor Rim21 transmits a signal toward the transcriptional repressor Rim101 to adapt to environments at neutral or alkaline pH. This stress response is mediated by the arrestinlike protein Rim8 and the PalA/AIP1/Alix-family member Rim20 (Cornet and Gaillardin 2014) . The activation of Rim101 leads to derepression of the Nrg1-targeted alkali-responsive genes that include ENA1 (Lamb and Mitchell 2003) . In addition, the Rim101 pathway is also directly involved in protein trafficking of Ena1 to the plasma membrane via unknown mechanisms (Marques et al. 2015) .
Among the Rim101 signaling modules, Rim8 (also referred to as Art9) was identified as one of the arrestin-related trafficking adaptor (ART)-family proteins, which commonly function as adaptors for substrate recognition by the Nedd4-family ubiquitin ligase (Lin et al. 2008; Smardon and Kane 2014) . Rsp5 is the sole Nedd4-family member homologous to E6-AP carboxy terminus (HECT)-type E3 ubiquitin ligase in S. cerevisiae, and plays essential roles in the regulation of diverse cellular processes, such as signal transduction (Dunn and Hicke 2001) , quality control of plasma membrane proteins (Shiga et al. 2014 ) and intracellular trafficking (Jarmoszewicz et al. 2012) , through ubiquitination of various substrate proteins. Recently, we identified that T255A, an amino acid substitution in the Rsp5 WW domain responsible for substrate recognition, causes cells to exhibit faster growth in the presence of sodium acetate (Wijayanti et al. 2015) . This mutation is intriguing because the changed threonine residue is one of the putative phosphorylation sites that are conserved among the most WW domains (Thr255 in WW1, Thr357 in WW2 and Thr413 in WW3 in S. cerevisiae Rsp5), which may play an important role in the control of the interaction between Rsp5 and specific substrates or adaptors (Sasaki and Takagi 2013; Watanabe et al. 2015) . In this study, we focused on the sodium acetate tolerance conferred by the T255A mutation in RSP5 to find a clue to understanding of the substrate specificity of Nedd4-family ubiquitin ligases and to show its potential for engineering industrial yeast strains used for bioethanol production.
MATERIALS AND METHODS

Strains and media
Yeast strains used in this study were derived from the Saccharomyces cerevisiae laboratory strain BY4741 (Euroscarf) or the industrial strain Ethanol Red R (Lesaffre). An Escherichia coli strain DH5α (Invitrogen) was used for plasmid construction.
To construct the BY4741 T255A strain, which chromosomally expresses the rsp5 T255A mutant gene, the rsp5 T255A -kanMX6 cassette was made by fusion PCR. First, the rsp5 T255A gene with its native promoter and terminator was amplified from pRS415-rsp5 T255A (Wijayanti et al. 2015) using primers RSP5 -459bp F (5 -GCA TCT GCT AAT TGA TAA AAG GAC-3 ) and RSP5 + 463bp R (5 -GTA GTA TAA TAC CCA GGT CAC-3 ). Second, the kanMX6 marker that confers resistance against kanamycin-derivative G418 was amplified from pFA6a-3HA-kanMX6 (Bahler et al. 1998 ) using primers F-kanMX6 (5 -AAC TGA ATA GTG ACC TGG GTA TTA TAC TAC GAC ATG GAG GCC C-3 ) and KanMX6-Rev(-) (5 -GGG AAA ACG GAC ACC ATA AAT AAA AAA AAA ATT GGT GCG GAA TAA CAG TAT AGC GAC CAG C-3 ). Finally, both PCR products were mixed and amplified using primers RSP5 -459bp F and KanMX6-Rev(-), generating the product composed of rsp5 T255A gene fused with kanMX6
cassette at position 463 bp downstream of the stop codon. This cassette was introduced into the BY4741 wild-type strain, and the transformants were selected on agar plates containing 200 μg mL −1 G418. The genomic integration at the RSP5 locus of each transformant was verified by genomic PCR and sequencing. The diploid Ethanol Red strain that homozygously expresses rsp5 T255A from both chromosomes was constructed in a similar way. The rsp5 T255A -kanMX6 cassette, amplified from the genomic DNA of the BY4741 T255A strain using primers RSP5 -459bp F and KanMX6-Rev(-), was introduced into the genomic RSP5 locus in Ethanol Red. After selection on YPD agar plates containing 200 μg mL −1 G418, the homozygous genomic integration at the RSP5 locus was verified by genomic PCR using primers RSP5-676F (5 -ACA GTC ACG TGA CAG TAT ACG ATC-3 ) and RSP5-560R (5 -CAA ATA ACC GAT ACT CTC CGT GTG-3 ). Genomic DNA from transformants harboring the rsp5 T255A -kanMX6 cassette in only one chromosome (heterozygous alleles) yielded two PCR products with the size of 3666 bp and 5486 bp, whereas the genomic DNA from transformants harboring the same cassette in both chromosomes (homozygous alleles) yielded only the larger PCR product (5486 bp). The correct T255A mutation and whole RSP5 sequence after the genomic integration were confirmed by sequencing. We also constructed the BY4741 rsp5 T255A strain without the kanMX6 cassette by the two-step gene replacement method (Rothstein 1991) , by which rsp5 A401E , rsp5 L733S , RSP5 T357A and rsp5
T413A
strains were previously constructed in the BY4741 background (Sasaki and Takagi 2013) . Both the BY4741 rsp5 T255A -kanMX6 and rsp5 T255A strains exhibited the identical phenotype as far as we tested.
Gene disruption in strains BY4741 wild type and T255A was performed using the PCR-based method (Janke et al. 2004) . The disruption cassettes were amplified by using S1 and S2 primers specific for each gene and pFA6a-hphNT1, pFA6a-natNT2 or pFA6a-kanMX6 as a template, and then integrated into specific gene loci. Gene disruptants harboring hphNT1, natNT2 or kanMX6 were selected on agar plates containing 200 μg mL −1 hygromycin B, 100 μg mL −1 nourseothricin or 200 μg mL −1 G418, respectively.
Correct gene disruption was verified by genomic or colony PCR. Media used for cultivation of S. cerevisiae strains were a nutrient-rich yeast extract-peptone-dextrose (YPD) medium (1% yeast extract, 2% peptone and 2% glucose) adjusted to pH 6.0 using 1 M hydrochloric acid when indicated and a synthetic complete (SC) medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 2% glucose and 0.2% amino acid powder) adjusted to pH 6.0 using 1 M potassium hydroxide. YPD containing 0.33 M sodium acetate, pH 6 was prepared by adding 99.5% acetic acid (Wako) to the sterilized YPD to the final concentration of 0.33 M and adjusting pH of the medium to 6.2-6.8 using 5 M sodium hydroxide. Escherichia coli cells were grown in Luria-Bertani medium (Sambrook and Russell 2001) containing 100 μg mL −1 ampicillin. If necessary, 2%
agar was added to solidify the medium. For fermentation tests, YPD containing 10% glucose (YPD10) was used.
Growth test
To assess the growth, yeast strains were precultured in 2 mL YPD at 30˚C with shaking at 300 rpm overnight and then inoculated in 2 mL YPD with the initial optical density at 600 nm (OD 600 ) of 0.25. The main cultures were incubated at 30˚C with shaking at 300 rpm for ∼4 h. The log-phase cells (OD 600 ∼1) were 10 fold-serially diluted to 10 −4 , and spotted onto agar plates as indicated. Then, the plates were incubated at 30˚C for 1-2 days.
Quantification of intracellular sodium by inductively coupled plasma mass spectrometry
Approximately 5 OD 600 cells from different yeast strains under indicated conditions were collected by centrifugation at 3000 rpm at 4˚C, washed twice with ice-cold washing solution (20 mM magnesium chloride and 180 mM sorbitol) (Marques et al. 2015) and resuspended in 1 mL MilliQ water. Intracellular ions were extracted by heating cell suspension at 95˚C for 15 min. Cell debris was pelleted by centrifugation at 15 000 rpm at room temperature. Supernatant containing intracellular ions was taken up and filtrated through a 2-μm filter (Advantech). For standard curve, 1000 mg mL −1 sodium standard (AAS grade, SigmaAldrich) was diluted to 0, 25, 50, 75 and 100 mg L −1 . The samples and sodium standards were mixed with nitric acid (Ultratrace analysis grade, Wako) to the final concentration of 0.5% and indium standard solution (AAS grade, Fluka) to the final concentration of 10 mg L −1 . The sodium content was determined by inductively coupled plasma mass spectrometry (ICP-MS) using ICPM-8500 (Shimadzu).
Detection of Rim8 ubiquitination under sodium acetate stress conditions
The plasmids pRS316-RIM8-3HA (pOK476), pRS316-RIM8 (P506A Y508A)-3HA (pOK477) and pRS316-RIM8 (K521R)-3HA (pOK573) expressing Rim8-3HA and its related variants under the control of its native promoter (Obara and Kihara 2014) were kindly provided by Dr Keisuke Obara (Hokkaido University). Cells that expressed HA-tagged Rim8 proteins were precultured in 3 mL SC-Ura, pH 6.0 at 30˚C with shaking at 300 rpm overnight and then inoculated in 30 mL of SC-Ura, pH 6.0 with the initial OD 600 of 0.2. The main cultures were incubated at 30
• C with shaking at 133 rpm for ∼4.5 h until reaching the log phase (OD 600 ∼ 1). Approximately, 30 OD 600 cells were collected by centrifugation at 3000 rpm at 25˚C for 3 min, washed once with 1 mL sterilized distilled water, resuspended in 30 mL YPD containing 0.33 M sodium acetate, pH 6, and incubated at 30˚C with shaking at 133 rpm. Approximately, 3 OD 600 cells were collected at 30, 60 and 90 min after incubation by centrifugation at 3000 rpm at 4˚C for 3 min and washed once with 1 mL sterilized distilled water. To extract total proteins by the alkaline-TCA method, the collected cells were resuspended in 1 mL ice-cold N/β solution (0.25 N NaOH and 1% 2-mercaptoethanol) and put on ice for 10 min. After that, 70 μl 100% (w/v) trichloroacetic acid (TCA) was added to the samples and mixed. The samples were put on ice for 10 min and centrifuged at 15 000 rpm at 4˚C for 20 min. The supernatants were removed completely. Five hundred microliters of 1 M Tris without adjusting pH were added to the precipitates. The samples were centrifuged at 15 000 rpm at 4˚C for 20 min and the supernatants were discarded completely. The precipitates were resuspended in 100 μL 1X sample buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 2.25% glycerol, 5% 2-mercaptoethanol and 0.0125% bromophenol blue) and incubated with sonication for 1.5 h. The samples were incubated at 37
• C for 10 min and centrifuged at 15 000 rpm at 25˚C for 3 min. The whole cell extracts derived from 0.45 OD 600 cells were run on 7.5% SDS-PAGE and blotted on to the PVDF membranes. The Ub-Rim8-3HA or Rim8-3HA and Pgk1 proteins were detected by the monoclonal anti-HA (12CA5) mouse antibody (Santa Cruz Biotechnology) at 1:1000 dilution and the monoclonal anti-Pgk1 mouse antibody (Novex) at 1:20,000 dilution, respectively. HRP-conjugated polyclonal anti-mouse IgG (Promega) was used at 1:2000 dilution for secondary probing. Signals were produced by Amersham ECL prime reagents (GE healthcare) and captured by using ImageQuant LAS4000 (GE healthcare).
Detection of Hog1 phosphorylation under sodium acetate stress conditions
BY4741 wild-type and T255A mutant cells were precultured in 3 mL YPD, pH 6.0 overnight and then inoculated in 10 mL YPD, pH 6.0 with the initial OD 600 of 0.2. The main cultures were incubated at 30˚C with shaking at 114 rpm for ∼4 h until reaching the log phase (OD 600 =1). For stress conditions, ∼10 OD 600 cells were collected by centrifugation at 3000 rpm at the room temperature for 3 min. Supernatants were discarded completely. Then, the collected cells were resuspended in 10 mL YPD (pH 6) containing 0.33 M sodium acetate or 0.8 M sodium chloride, and incubated at 30˚C with shaking at 114 rpm at indicated time points. To stop Hog1 phosphorylation, 1.1 mL 100% (w/v) TCA was immediately added to the cultures after stress treatment. Approximately 10 OD 600 cells were collected at the room temperature, washed twice with 1 mL 10% (w/v) TCA and resuspended in 200 μL 10% (w/v) TCA. To extract total proteins, the cells were crushed by the glass beads using the Multi-beads shocker R (Yasui Kikai) at 2500 rpm, 30 s ON/30 s OFF, nine times. Another 200 μL 10% (w/v) TCA was added to each tube, and the whole cell extracts were centrifuged at 3000 rpm at 4˚C for 10 min to remove the supernatants completely. The precipitates were suspended in 100 μL 1X sample buffer (50 mM TrisHCl (pH 6.8), 2% SDS, 2.25% glycerol, 5% 2-mercaptoethanol and 0.0125% bromophenol blue), incubated at 65˚C for 15 min and centrifuged at 10 000 rpm at 25˚C for 10 min. The protein concentration of the supernatants was quantified by Bradford assay (Bio-Rad), and 5 μg of proteins were analyzed on 10% SDS-PAGE and blotted onto the PVDF membranes. The Thr174 and Tyr176 dually phosphorylated Hog1, total Hog1 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) proteins were detected by the polyclonal anti-phospho p38 rabbit antibody (Cell Signaling Technology) at 1:1000 dilution, the polyclonal antiHog1 (yC-20) goat antibody (Santa Cruz Biotechnology) at 1:1000 dilution and the polyclonal anti-GAPDH rabbit antibody (Nordic Immunological Laboratories) at 1:10,000 dilution, respectively. HRP-conjugated polyclonal anti-rabbit or anti-goat IgG (Promega) was used at 1:2000 dilution for secondary probing. Signals were produced by Amersham ECL prime reagents (GE healthcare) and captured by using ImageQuant LAS4000 (GE healthcare).
Fermentation analysis
To examine the fermentation properties under sodium acetate stress conditions, Ethanol Red wild-type and T255A mutant cells were grown in 3 mL YPD or YPD10 overnight and then inoculated in 50 mL YPD or YPD10 containing 0.33 M sodium acetate, pH 6.8 with the initial OD 600 of 0.1. The 250-mL culture bottles were connected to the Fermograph R II-W (Atto) and incubated at 30˚C with shaking at 120 rpm.
RESULTS
Sodium acetate tolerance of the T255A mutant
We previously found that the T255A substitution in the WW1 domain of Rsp5 (Fig. 1A) confers tolerance to sodium acetate on S. cerevisiae cells (Wijayanti et al. 2015) . To understand the role of Rsp5 in sodium acetate responses, the growth phenotype of the T255A mutant was compared with that of the other rsp5 mutants. The A401E mutation, which confers higher sensitivity toward various stresses (Hoshikawa et al. 2003) , is proposed to be the loss-of-function allele of the Rsp5 WW domains. The substitution of Leu733 with Ser (L733S, also referred to as rsp5-1 in many previous reports) (Helliwell, Kee et al. 2006; Jarmoszewicz et al. 2012; Smardon and Kane 2014) in the catalytic HECT domain of Rsp5 causes a defect in ubiquitinthioester bond formation (Wang, Yang and Huibregtse 1999) even at the permissive temperature. As shown in Fig. 1B , while the T255A mutant increased the sodium acetate tolerance, the A401E and L733S mutants were more sensitive to sodium acetate. Thus, both the substrate recognition and ubiquitin ligase activities of Rsp5 were suggested to be necessary for sodium acetate responses. Thr255 is a conserved residue among the WW domains of the Nedd4-family ubiquitin ligases and corresponds to Thr357 in the WW2 domain and Thr413 in the WW3 domain of Rsp5 (Fig. 1C) . The T357A and T413A mutations, however, markedly impaired the growth under the same condition (Fig. 1B) . We further tested the growth phenotypes of the T255A mutant under salt stress conditions at pH 6, including 0.33 M potassium acetate, 1 M sodium chloride and 1 M potassium chloride, as well as under an acetic acid stress condition (0.05 M) at pH 4.4. As shown in Fig. 2 , the T255A mutant specifically increased tolerance to sodium acetate, but not to the other salt stress conditions or the acetic acid stress condition (also see (from left to right), spotted on YPD at pH 6.0 (left panel) or YPD containing 0.33 M sodium acetate or 0.8 M sodium chloride at pH 6 (middle and right panels) and incubated at 30˚C for 2 days.
sodium acetate response is different from the well-analyzed cellular responses toward sodium chloride or acetic acid, and the T255A mutation specifically enhances the sodium acetate responses.
Sodium acetate tolerance and the sodium pumps Ena1/2/5
To identify the downstream target responsible for the sodium acetate tolerance of the T255A mutant, we tested the involvement of three candidate genes: (i) FPS1, encoding an aquaglyceroporin channel involved in the uptake of undissociated acetic acids; (ii) NHA1, encoding a sodium/proton antiporter required for sodium extrusion under acidic conditions; and (iii) ENA1/2/5, encoding the P-type ATPase sodium extrusion pumps crucial for long-term maintenance of monovalent cation homeostasis. Although disruption of the FPS1 or NHA1 gene did not affect the phenotype of wild-type and T255A mutant cells ( Fig. 3A and B) , triple disruption of the ENA1/2/5 genes strongly suppressed the growth of both wild-type and T255A mutant cells in the presence of sodium acetate (Fig. 3C ). This result indicates that the increased sodium acetate tolerance of the T255A mutant is dependent on the Ena1/2/5 sodium extrusion system. The high sensitivity of ena1/2/5 and T255A ena1/2/5 cells toward sodium chloride also supports this idea (Fig. 3C ). It should be noted that the growth inhibition by 0.33 M sodium acetate was more severe than that by 0.8 M or 1 M sodium chloride (Figs 2 and  3C) . Thus, the growth inhibition by sodium is likely aggravated by the presence of acetate. At lower concentrations of sodium chloride, the growth phenotypes of wild-type and T255A cells were not affected, and deletion of the ENA1/2/5 genes decreased the growth rates of both strains to the same extent (Fig. S1A ).
In addition, we analyzed the intracellular sodium contents by ICP-MS technology. As shown in Fig. 4 , the T255A mutant accumulated a significantly smaller amount of intracellular sodium after the sodium acetate treatment than did the wild-type cells. When the ENA1/2/5 genes were deleted, the intracellular sodium contents were increased in both wild-type and T255A mutant cells (t test; P < 0.01), and the difference between the wild type Figure. 4. Effects of the T255A and related mutations on the intracellular sodium levels under sodium acetate stress conditions. Cells were precultured in 3 mL YPD at pH 6.0 overnight, inoculated in 100 mL YPD containing 0.33 M sodium acetate or 0.33 M sodium chloride at pH 6 with the initial OD600 of 0.1 and incubated at 30˚C for 4 h. Approximately 5 OD600 of cells were collected and subjected to the intracellular sodium content analysis using ICP-MS. Data shown are the average and the standard deviation of three independent experiments. and T255A was fully canceled. Thus, the Ena1/2/5 activities are predominantly required for the maintenance of the low intracellular sodium content and likely enhanced in the T255A mutant. Intriguingly, the treatment with 0.33 M sodium chloride led to the lower levels of intracellular sodium in both wild-type and T255A mutant cells. This finding suggested that acetate somehow decreases the activities of Ena1/2/5, and the T255A mutation selectively counters this effect. ubiquitination under sodium acetate stress conditions. Cells were precultured in 3 mL SC-Ura at pH 6.0 overnight, inoculated in 30 mL SC-Ura at pH 6.0 with the initial OD600 of 0.2 and incubated at 30˚C. Approximately 30 OD600 cells were collected at 4.5 h (OD600=1.0) after inoculation and transferred to 30 mL YPD containing 0.33 M sodium acetate at pH 6. Approximately 3 OD600 cells were collected at 30, 60 and 90 min and subjected to the detection of Rim8 (Rim8-3HA) and its monoubiquitinated form (Ub-Rim8-3HA). Pgk1 serves as a loading control.
Sodium acetate tolerance and the Rim8-Rim101 pathway
To address whether the T255A mutation acts on Ena1/2/5 via known upstream regulatory pathways, we first focused on the Rim101-mediated signaling that includes the Rsp5 adaptor protein Rim8, which induces the function of Ena1 as a response to high salt concentrations or alkali pH (Marques et al. 2015) . As we expected, deletion of the RIM8 gene, as well as of the RIM20 or RIM101 gene, reduced the sodium acetate tolerance both in wild-type and T255A cells (Fig. 5A) . Loss of RIM8 significantly elevated the intracellular sodium content in both strains under the sodium acetate stress condition (t test; P < 0.01) (Fig. 4) . However, the intracellular sodium level of T255A rim8 was still lower than that of the rim8 single disruptant (t test; P < 0.01), suggesting that the Rim8-Rim101 pathway and the T255A-triggered sodium acetate tolerance are independent of each other. Although we further examined the effects of Rim8 ubiquitination on the sodium acetate tolerance, neither the rim8
mutation, which abolishes the interaction between Rsp5 and Rim8 (Herrador et al. 2010 (Herrador et al. , 2013 , nor the rim8 K521R mutation, which disables ubiquitination of Rim8 (Herrador et al. 2010; Obara and Kihara 2014) , affected the sodium acetate tolerance in both the wild-type and T255A mutant cells (Fig. 5B) . Furthermore, ubiquitination of Rim8 under the sodium acetate stress condition was not clearly altered by the T255A mutation (Fig. 5C ). Therefore, these data indicate that the Rim8-Rim101 pathway is necessary for the full acquisition of the resistance against sodium acetate, although the ubiquitination of Rim8 by Rsp5 is dispensable and not responsible for the enhancement of sodium acetate tolerance observed in the T255A mutant. Among the other Rsp5 adaptor proteins, Art1 and homologous Bul1 and Bul2 (Bul1/2) had also redundant roles in the increased sodium acetate tolerance of the T255A mutant (Fig. 5D ).
Sodium acetate tolerance and the HOG signaling
Next, we tested the HOG signaling pathway as another candidate mediator between Rsp5 and the sodium acetate tolerance. Activation of the Hog1 MAPK, which leads to upregulation of ENA1 and many other target genes, is the key to salt/hyperosmotic stress responses (Hohmann 2009 ), as well as to acetate stress responses Piper 2006, 2007) . Our genetic analysis revealed that disruption of the HOG1 MAPK gene or the PBS2 MAPKK gene decreased the sodium acetate tolerance but did not fully cancel the difference between the wild-type and T255A strains ( Fig. 6A ; see the spots with the highest cell densities). Moreover, the phosphorylation status of Hog1 in the presence of 0.33 M sodium acetate or 0.8 M sodium chloride was not markedly affected by the T255A mutation (Fig. 6C) . Taken together, it was suggested that the T255A mutation and the HOG signaling pathway contribute to the sodium acetate tolerance independently. Since loss of HOG1 did not increase the intracellular sodium level of wild-type cells (Fig. 4) , Hog1 might contribute to the sodium acetate tolerance mainly via unknown target factors other than Ena1/2/5. In addition, we found that single disruptions (data not shown) or the triple disruption of the SSK2/22/STE11 genes that encode known MAPKKKs in the HOG signaling markedly decreased the resistance toward sodium chloride, but did not abrogate the sodium acetate (middle and right panels), and incubated at 30˚C for 2 days. (C) Hog1 phosphorylation under sodium acetate stress conditions. Cells were precultured in 3 mL YPD at pH 6.0 overnight, inoculated in 10 mL YPD at pH 6.0 with the initial OD600 of 0.2 and incubated at 30˚C. Approximately 10 OD600 cells were collected at 4 h (OD600=1.0) after inoculation and resuspended in 10 mL YPD containing 0.33 M sodium acetate or 0.8 M sodium chloride at pH 6. Approximately 10 OD600 cells were collected at indicated times and subjected to the detection of total Hog1 (Hog1) and its phosphorylated form (P-Hog1). GAPDH serves as a loading control.
tolerance of the wild-type and T255A mutant cells ( Fig. 6A and Fig. S1B ). Thus, sodium chloride stress is transmitted via the well-established Ssk2/22/Ste11-Pbs2-Hog1 pathway, whereas sodium acetate stress is likely mediated by another upstream factor for Pbs2 and Hog1. A known MAPKKK Bck1 and the downstream MAPK Slt2 in S. cerevisiae, both of which mediate the cell wall integrity (CWI) pathway (Levin 2011) , did not affect the sodium acetate tolerance (Fig. 6B) .
Application of the T255A mutation-mediated sodium acetate tolerance to an industrial yeast strain
To enhance the sodium acetate tolerance of the industrial bioethanol yeast strain Ethanol Red, the T255A mutant allele fused with the kanMX6 cassette was introduced into both RSP5 loci in the diploid genome via homologous recombination. Due to the recessive property (data not shown), the T255A mutant allele was homozygously integrated. As shown in Fig. 7A , the T255A mutant cells exhibited higher tolerance than wild-type cells on YPD plate media containing 0.21 to 0.33 M sodium acetate (corresponding to 12.5 to 20 g L −1 acetate) at pH 6. In the fermentation tests using YPD containing 2% or 10% glucose and 0.33 M sodium acetate, the fermentation rate of the T255A mutant cells was significantly higher than that of the wild-type cells (Fig. 7B ). Based on these results, it was concluded that the T255A mutation improves the fermentation ability under the sodium acetate stress condition that mimics neutralized lignocellulosic hydrolysates.
(A) (B) Figure. 7. Effects of the T255A mutation on growth and the fermentation rate under sodium acetate stress conditions in the industrial bioethanol strain Ethanol Red. (A) Effects of T255A mutation on growth in the presence of sodium acetate. Approximately 1 OD600 cells were 10-fold serially diluted to 10 −4 (from left to right), spotted on YPD at pH 6.0 (left panel) or YPD containing 0.21 or 0.33 M sodium acetate at pH 6 (middle and right panels) and incubated at 30˚C for 1 day.
(B) Effects of T255A mutation on the fermentation rate in the presence of sodium acetate. Wild-type (gray lines) and T255A (black lines) cells were precultured in 3 mL YPD or YPD10 overnight, inoculated in 50 mL YPD or YPD10 containing 0.33 M sodium acetate at pH 6.8 with the initial OD600 of 0.1 and incubated at 30˚C. Total CO2 gas emission was measured by Fermograph II-W. Data shown are the average and the standard deviation of three independent experiments. Asterisks indicate significant differences (t test; P < 0.01).
DISCUSSION
In this study, we provided the evidence of the novel yeast cellular response to sodium acetate stress, which might be selectively enhanced by the T255A substitution in the Nedd4-family ubiquitin ligase Rsp5. This response likely involves maintenance of the Ena1/2/5 sodium efflux activity in the presence of acetate through an unknown mechanism other than ubiquitination of Rim8 or activation of Hog1 MAPK (Fig. S2 , Supporting Information), and can be promisingly applied to the breeding of industrial yeast strains for bioethanol production. Although the direct target of Rsp5 in this response should be identified in the future, this study provides us information about a sophisticated function of the Nedd4-family ubiquitin ligase that assists cells in coping with the combined stress conditions.
How does Rsp5 regulate the Ena1/2/5 activity under sodium acetate stress? The answer remains obscure. As our results suggest that the T255A-triggered sodium acetate tolerance mechanism does not dependent on the Rim8-Rim101 or the Pbs2-Hog1 pathway, one of the reasonable hypotheses is that Rsp5 might control Ena1/2/5 in a more direct manner. Since we found that the Rsp5 adaptors Art1 and Bul1/2 are also involved in the sodium acetate tolerance by the T255A mutation (Fig. 5D) , ubiqutination and the plasma membrane localization of Ena1/2/5 via the interaction between Rsp5 and these adaptors under sodium acetate stress should be intensively tested. Nedd4-2, the human ortholog of Rsp5, was previously reported to directly recognize the PY motif (a known WW domain-interacting motif) in the carboxyl terminus of the epithelial sodium channel EnaC, leading to ubiquitination and endocytotic degradation of EnaC (Rotin and Staub 2012) . Assuming that Rsp5 also targets Ena1/2/5 in S. cerevisiae in an adaptor-dependent or independent manner, an ubiquitination-mediated sodium homeostatic mechanism that is highly conserved among eukaryotic cells might be established.
The HOG signaling was not significantly affected by the T255A mutation (Fig. 6C) , although it is still intriguing as a putative mediator of sodium acetate responses. In this study, we showed that known MAPKKKs, including Ssk2/22/Ste11 of the HOG signaling and the MAPKKK Bck1 of the CWI pathway, were not involved in the sodium acetate tolerance (Fig. 6A  and B) , suggesting an alternative input of Pbs2-Hog1 activation. This alternative input has been described in the previous studies on the cellular responses to potassium/sodium chloride and high concentrations of sorbitol (Van Wuytswinkel et al. 2000; O'Rourke and Herskowitz 2004) . Possible mechanisms that might underlie this phenomenon include (i) Ssk2, Ssk22, Ste11 and Bck1 may have redundant roles as MAPKKKs that respond to sodium acetate; (ii) sodium acetate may inhibit negative regulators of Hog1, such as protein tyrosine phosphatases and type 2C protein phosphatases; and (iii) sodium acetate may affect the expression or the subcellular localization of Pbs2 and Hog1.
In terms of application, our study demonstrates that the T255A mutant allele of RSP5 might be promising for improving the industrial yeast strains used for bioethanol production from neutralized lignocellulosic hydrolysates, which induces sodium acetate stress to yeast cells. Uncovering the nature of specific industrially related environmental stress and the responses by yeast cells would potentially provide us a platform for the breeding of industrial yeast strains useful not only for the production of bioethanol but also for other bioactive compounds beneficial to the coming era of biobased industry.
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